2 light into the confined region sandwiched by the underlying surface. Due to additional functionalities of metal oxides as magnetic, photo-electrochemical and catalytic materials, enhanced Raman scattering mediated by MONPs opens up significant opportunities in fundamental science, allowing direct tracking and understanding of application-specific transformations at such interfaces. We show a first example by monitoring the MONP-assisted photocatalytic decomposition reaction of an organic dye by individual nanoparticles.
Transition-metal oxides, due to the strong correlations of their d electrons, give rise to a wide variety of phenomena such as magnetism, ionic conduction, metal-insulator transitions, multiferroicity and superconductivity. 1 As a result, they have an extensivefrange of applications that include fuel cells, batteries, catalysts, sensors and microelectronics. 1 Despite the resulting importance of molecular binding and surface reactivity their utilization in plasmonic applications has been prevented by the tuning of their localized surface plasmon resonance (LSPR) into the infrared. [2] [3] [4] [5] [6] Surface-enhanced Raman scattering (SERS) is a popular plasmonic application utilizing ultraviolet (UV), visible (VIS) or near-infrared (NIR) excitation, which overcomes the extremely small scattering cross section (~10 -30 cm 2 per molecule) in conventional Raman scattering 7 to yield a technique which offers non-invasive and non-destructive fingerprint characterization 8 with extensive applications in chemical and biological sensing. The amplification in SERS stems primarily from the electromagnetic (EM) enhancement (up to 10 14 ) 9 obtained by excitation of SPR. 10 This is accompanied by typically smaller and system-dependent chemical enhancement as a result of formation of charge-transfer complexes between adsorbate and the surface. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 NPs; average diameter 254 ± 71 nm). The MONERS effect is generated at the single-particle level; to show this, the concentration of suspensions and the adsorption time were controlled such that the Fe 3 O 4 NPs were well separated from each other (Fig. 1c) . To explore the universality of the MONERS effect, we carried out experiments with a variety of MONPs (Table 1) Table S1 ). MONERS spectra collected from different
MONPs with the dithiol molecules on the surface are shown in Figure 2 (obtained with 532 nm laser excitation) and Supporting Information Figure S4 (obtained with 633 nm laser excitation), respectively. It is evident that all of these display the MONERS effect. This was again surprising, because some of these MONPs were irregularly shaped and a few of them formed agglomerates Figure 2 , four distinct vibrational modes of dithiol are clearly observed, at 1078 cm -1 (ring mode7a), 1186 cm -1 (ring mode-9a), 1581 cm -1 (ring mode-8b) and 1628 cm -1 (ν (C=C) ). 26 In addition to the vibrational modes of dithiol, some bands are also observed below 900 cm -1 . These are characteristic of the MONPs used and are attributed to various phonon modes of the metal oxides, as also confirmed by the bulk Raman spectra collected from the corresponding MONP powders (Supporting Information Fig. S6 ). 29 and Zn (×221), 30 are lower than the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 enhancements with MONERS. This is due to the higher absorption (inter-band transitions) in the VIS and NIR regions in transition metals compared to the transition-metal oxides investigated here. Although the enhancements are lower than in an analogous AuNP-on-Au system (Table 1 and Supporting Information Figs. S7 and S8), 17,18 they are sufficiently intense to give high signalto-noise ratios in MONERS spectra (Fig. 2) . Signals could be repeatedly recorded from the same NP more than 50 times under conditions below the degradation threshold. Variations in enhancement factors (EFs) across all systems are a manifestation of nanoscale differences in size, shape and nanoscale geometry. Nevertheless, given the large enhancements, especially compared to transition-metal nanostructures and the multi-functional aspects of metal oxides, MONERS holds enormous potential to study interfacial phenomena. In order to interpret the observed results in terms of an EM mechanism, finite-element simulations (using the COMSOL Multiphysics software package) were carried out on the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 NP on Au system with a gap distance of 1.3 nm, corresponding to the presence of the dithiol molecule. 35 Because of the weak spectral dependence, we consider enhancements in SERS from the quantity E 4 , where E denotes |E y /E 0 |. Here, E y refers to the localized scattered field in the ydirection mid-way in the gap between the NP and the Au surface (Supporting Information Fig.   S9 ) and E 0 refers to the field in absence of the particle. We used three laser sources (λ ex ) in our experiments, at 532 nm, 633 nm and 785 nm. angles of incidence of 45° and 0° to the surface normal, respectively. Clearly, the enhancements increase with increasing NP diameter up to 300 nm and then show a slight decrease. This is due to an increase in the scattering cross-section with size, which, after a critical size, is radiatively damped due to depolarization effects across the particle. 36 The simulated scattering cross-section at a 45 o angle of incidence for 200 nm Fe 3 O 4 NPs is overlaid on the measured dark-field scattering spectra in Figure 3b . There is a good correspondence between them, as the size of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 interaction with the continuum of delocalized propagating surface plasmons at the underlying Au surface, leading to a localization of the electric field in the gap formed between the NP and the metal surface. An alternative view considers enhanced scattering by the high-index NP exciting surface plasmons on a flat Au surface, which become confined in the gap, producing a large EMfield enhancement. While coupling to flat metal surfaces is impossible due to the momentum mismatch between the wave-vectors of a free-space photon and a plasmon confined to a surface, the high-index NP acts as an antenna coupling light into the gap above the metal surface.
Although electric dipoles 39 and array of dielectric spheres 40 near a metallic surface as well the case of a metal NP on a high dielectric substrate 19 have been predicted to enhance scattering, the coupling and enhancement with a high refractive index MONP on a plasmonic surface is uniquely examined here. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 Fig. S14 ). Therefore, we rule out a 'chemical effect' as a mechanism for the observed enhancements in MONERS.
The highest field enhancement is localized in the gap between the Fe 3 O 4 NP and the Au substrate ( Fig. 3c and Supporting Information Fig. S9 ). As expected, the enhancement effect in MONERS is highly sensitive to the size of the gap (Figs.3d,e) . The distribution of E 4 becomes tighter and rapidly increases as the gap distance is decreased, due to higher field confinement and (Table 1) . This is consistent with our explanation that a higher refractive index NP leads to more efficient scattering with better confinement of the scattered field in the gap.
A key property of Fe 3 O 4 NPs is that they are ferromagnetic and hence, are used in bioseparations. They assemble into linear chains under the influence of an external magnetic field (Fig. 4a) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 map images (Fig. 4b ) the intense signals are localized only to the assembled chains of NPs.
Spectra obtained from MONERS chains under excitation from both 532 nm and 633 nm pump light (Figs.4c,d) show signals from molecules under the chains. This confirms the field enhancement is maximized in the gap between the particles and the surface, rather than between the particles themselves. This is further confirmed in simulations of a dimer on the surface (Fig.   4e and Fig. S17 ), which shows that field enhancements between the particles are very small compared to those in the gap between the particle and the substrate. In this case there is a very weak interaction between the MONPs themselves unlike metallic NPs which are plasmon active.
Thus the ferromagnetic property in tandem with the MONERS approach could be used to separate and detect biomolecules in situ in solutions in real time. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15 Furthermore, MONPs can not only assist in monitoring the molecular transformation at an interface but also actively catalyse it. We monitored the photocatalytic decomposition of methylene blue (MB) by TiO 2 NPs (P25, Degussa) by MONERS (Fig. 5) . The spectra in Figure   5b clearly show that with increased exposure to UV radiation the characteristic Raman peaks of MB decrease in intensity. However, comparing the different Raman modes in the spectra the molecular mechanism can be elucidated. The 448 cm -1 , 500 cm 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
